High-frequency stimulation (HFS) applied to stratum radiatum of a rat hippocampal slice in the presence of ionotropic glutamate receptor antagonists evokes a biphasic GABA A receptordependent response in CA1 pyramidal neurons, with a brief hyperpolarizing IPSP (hIPSP) followed by a long-lasting depolarization. We show now that it is possible to pharmacologically separate the hIPSP and late depolarization from one another. In neurons intracellularly perfused for 1-2 hr with F Ϫ as the major anion and no ATP, the hIPSP (and the corresponding current, hIPSC) evoked by HFS was blocked, whereas neither the late depolarization nor its underlying current was attenuated. In contrast, internal perfusion with a high concentration (5 mM 
High-frequency stimulation (HFS) applied to stratum radiatum of a rat hippocampal slice in the presence of ionotropic glutamate receptor antagonists evokes a biphasic GABA A receptordependent response in CA1 pyramidal neurons, with a brief hyperpolarizing IPSP (hIPSP) followed by a long-lasting depolarization. We show now that it is possible to pharmacologically separate the hIPSP and late depolarization from one another. In neurons intracellularly perfused for 1-2 hr with F Ϫ as the major anion and no ATP, the hIPSP (and the corresponding current, hIPSC) evoked by HFS was blocked, whereas neither the late depolarization nor its underlying current was attenuated. In contrast, internal perfusion with a high concentration (5 mM) of the impermeant lidocaine derivative QX-314 selectively abolished the depolarizing component of the biphasic response and also strongly reduced depolarizations evoked by extracellular microinjection of K ϩ . Bath application of quinine (0.2-0.5 mM) or quinidine (0.1 mM) resulted in a pronounced inhibition of the HFS-induced extracellular K ϩ concentration ([K ϩ ] o ) transient but not of the bicarbonate-dependent alkaline shift in extracellular pH. The attenuation of the [K ϩ ] o transient was closely paralleled by a suppression of the HFS-evoked depolarization but not of the hIPSP. Quini(di)ne did not affect depolarizations induced by exogenous K ϩ either. These data provide direct pharmacological evidence for the view that the HFS-induced biphasic response of the pyramidal neuron is composed of mechanistically distinct components: a direct GABA A receptor-mediated phase, which is followed by a slow, nonsynaptic [K ϩ ] o -mediated depolarization. The bicarbonate-dependent, activity-induced [K ϩ ] o transient can be blocked by quini(di)ne, whereas its depolarizing action in the pyramidal neuron is inhibited by internal QX-314. The presence of fundamentally distinct components in GABA A receptormediated actions evoked by HFS calls for further investigations of their functional role(s) in standard experimental maneuvers, such as those used in studies of synaptic plasticity and induction of ␥ oscillations.
Key words: nonsynaptic transmission; interstitial potassium; quinine; quinidine; In the presence of blockers of ionotropic glutamate receptors (iGluRs) and GABA B receptors, single stimuli applied to the CA1 stratum radiatum evoke hyperpolarizing fast I PSPs (fIPSPs) in pyramidal neurons, which are mediated by GABA A receptors (GABA A Rs) (Davies et al., 1990; Davies and Collingridge, 1993) . With high-frequency stimulation (HFS), a more complex biphasic postsynaptic response is seen (Davies and Collingridge, 1993; Grover et al., 1993; Staley et al., 1995; Kaila et al., 1997) . With 40 pulses applied at 100 Hz, the biphasic response consists of a fused sequence of fI PSPs yielding an initial 0.2-0.3 sec hyperpolarizing response [the hyperpolarizing I PSP (hI PSP)] that is followed by a long-lasting depolarization with a duration of up to a few seconds.
Despite the fact that biphasic GABA A receptor-mediated responses have been subject to extensive studies under various experimental conditions (see references above; Avoli et al., 1996; Perkins and Wong, 1996; Burg et al., 1998) , their ionic and biophysical bases have remained controversial (Kaila, 1994; Lambert and Grover, 1995; Perkins, 1999) . The mechanisms proposed to account for them have included, e.g., postulations of GABA A Rs with distinct permeabilities to Cl Ϫ and HCO 3 Ϫ (Perkins and Wong, 1996; Perkins, 1999) (also see Alger and Nicoll, 1982) and anionic redistribution (Staley et al., 1995) analogous to that demonstrated earlier with direct recordings of the relevant ions in crayfish muscle fibers (Kaila and Voipio, 1987; Kaila et al., 1989) and neurons (Voipio et al., 1991) .
That bicarbonate has a direct depolarizing contribution to fast postsynaptic GABA A R-mediated currents in mammalian neurons was originally demonstrated in experiments on neocortical preparations (Kaila et al., 1993) . However, in a recent study , we provided evidence for two different mechanisms being responsible for the HFS-induced GABA-mediated biphasic behavior of the postsynaptic membrane potential: the hIPSP is mediated by the GABA A receptors of the target cell, whereas the major part of long-lasting depolarization is caused by a bicarbonate-dependent, activity-induced extracellular [
In our previous work Taira et al., 1997; Autere et al., 1999) , the long-lasting depolarization was called, the GABA-mediated depolarizing postsynaptic potential (GDPSP). In light of the present verification of its nonsynaptic nature, we will change this acronym to the GABA-mediated depolarizing nonsynaptic potential (GDNSP).
Our earlier key observations, which indicated that the GDNSP is a [K ϩ ] o -evoked response , were that (1) activation of the target neuron GABA A R-mediated inputs by a second HFS train applied at the peak of the GDNSP induced a prompt hyperpolarization; (2) the I-V relationships of the hIPSC and the GDNSC (the current underlying the GDNSP) were qualitatively distinct, the hI PSC showing outward rectification typical for GABA A R currents, whereas the GDNSC exhibited inward rectification at positive voltages; (3), very often no clear reversal of the GDNSC was observed even at voltages slightly positive to 0 mV; and (4) the GDNSP was paralleled by, and showed a sub-Nernstian relationship to, the HFS-
In this study, we present direct pharmacological evidence favoring the dual-mechanism hypothesis. Specifically, our mechanistic scheme (cf. Kaila et al., 1997, their figure 12 ) predicts that (1) blocking GABA A receptors from the inside within the target cell should abolish the fI PSP and hI PSP, leaving the GDPSP unaffected; (2) using an internal blocker to inhibit those K ϩ channels of the target cell that are involved in GDPSP generation should block the GDPSP, leaving the fI PSP and hI PSP unaffected; and (3) inhibition of the activity-induced, bicarbonatedependent [K ϩ ] o transient should inhibit the GDPSP, leaving the fIPSP and hI PSP intact. The present findings f ully confirm these predictions. They are also of importance in understanding the functions of the inhibitory circuitry and nonsynaptic transmission in a number of standard experimental designs, including those in which HFS is used to induce changes in synaptic efficacy (Bliss and Collingridge, 1993) and neuronal oscillatory activity (Whittington et al., 1997; Bracci et al., 1999) .
Some preliminary results have been published in abstract form .
MATERIALS AND METHODS
The methods used in the present study were similar to those before . Hippocampal slices (400 m) were prepared from brains of 30-to 45-d-old male Wistar rats (100 -120 gm), which were decapitated under deep pentobarbital anesthesia. The standard physiological solution contained (in mM): NaC l 124, KC l 3.0, C aC l 2 2.0, NaHC O 3 25, NaH 2 PO 4 1.1, MgSO 4 2.0, and D-glucose 10. It was continuously gassed with 95% O 2 and 5% C O 2 , pH 7.4 at the experimental temperature of 32°C.
Neuronal responses were evoked by stimuli (15-30 V, 100 sec) delivered via a bipolar electrode placed in stratum radiatum at a distance of Յ500 m from the recording site. Single pulses were given at a rate of Յ0.05 Hz; trains of stimuli (40 pulses/100 Hz) were delivered once per 3-5 min.
All experiments were done in the continuous presence of 10 M 6-nitro-7-sulfamoylbenzo(f)-quinoxaline-2,3-dione (NBQX), an antagonist of AMPA and kainate receptors; 40 M D-2-amino-5-phosphonopentoate (AP-5), and 50 M ketamine, a competitive and a noncompetative antagonist of NMDA receptors. GABA B receptors were blocked with bathapplied 100 -200 M CGP 35348 or 5 M CGP 55845A (kindly donated by Dr. M. Pozza, C iba-Geigy, Basel, Switzerland). Quinine (200 -500 M), quinidine (100 M), and picrotoxin (100 M) were applied in the bath. One millimolar C s ϩ , 50 M UL -FS 49 (a kind donation from Prof. H.-C. Pape, University of Magdeburg), 100 M Ba 2ϩ , and 10 mM tetraethylammonium (TEA ϩ ) were directly dissolved in the saline (Ba 2ϩ application was done in the absence of sulfate and phosphate). The lidocaine n-ethyl bromide quaternary salt QX-314 bromide (see below) was a gift from Astra (Sodertalje, Sweden). N BQX and AP-5 were from Tocris Cookson (Bristol, UK), and all other commercially available chemicals were from Sigma (St. L ouis, MO). Intracellular recordings from CA1 hippocampal pyramidal neurons were obtained with an Axoclamp 2B amplifier (Axon Instruments, Foster C ity, CA) either in bridge or in continuous voltage-clamp mode. Sharp microelectrodes were filled with 1.5 M potassium acetate plus 1.5 M potassium methyl sulfate and 5 mM KC l (resistance, 80 -120 M⍀). C ells with a stable resting membrane potential of Ϫ67 to Ϫ75 mV 20 min after impalement and an input impedance of 30 -60 M⍀ were used in the measurements. Whole-cell recordings (Blanton et al., 1989) were obtained using micropipettes with a resistance of 5-7 M⍀ when filled with the standard intracellular solution containing (in mM): K-gluconate 120, MgC l 2 1.5, Mg-ATP 2, H EPES 10, C aC l 2 0.5, K-bis(2-aminophenoxy)ethane-N, N,NЈ,NЈ-tetraacetate (K-BAP TA) or K-EGTA 5, D-glucose 20, and NaOH 4.8, pH 7.1, with KOH. C ells with a stable resting membrane potential of Ϫ50 mV or more negative in whole-cell configuration and with an input impedance of 100 -200 M⍀ were accepted for f urther measurements. The access resistance was 8 -12 M⍀. The solution used for intracellular inhibition of GABA A receptors (Nelson et al., 1994; K hazipov et al., 1997) contained (in mM): K F 135, MgC l 2 1.5, H EPES 10, C aC l 2 0.5, and K-BAP TA or K-EGTA 5.0, pH 7.1 with NaOH. We also made several attempts to block the GABA A receptors from within using pipette solutions containing (in mM): 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid 1, 4,4Ј-dinitrostilbene-2,2Ј-disulfonic acid up to 1, and picrotoxin 1 (cf. Nelson et al., 1994) , but none of these drugs was effective in our hands.
In preliminary experiments with internal QX-314, 2-3 mm of the tip of the pipette were prefilled with the standard intracellular solution, and thereafter the pipette was back-filled with the QX-314-containing solution. The bulk of experiments with QX-314 were performed using a perf used pipette (Alford et al., 1993) . A thin plastic capillary (outer tip diameter, 200 m) was inserted into the pipette with a 1-1.5 mm distance between the tips of the capillary and the patch pipette. Because Br Ϫ has an effect on the Ag /AgC l wire, the standard intracellular solution was supplemented with 5 mM NaBr, which after the control recording period was replaced by 5 mM QX-314 bromide. The change in pipette solution was done with a syringe connected to the capillary. The efficacy of the perf usion (achieved with 5-10 l) was tested using a pipette perf usion solution with a K ϩ concentration 10 times higher than that of the standard filling solution. Measurements of the local potassium concentration just outside the mouth of the patch pipette with a K ϩ -selective microelectrode showed that a complete solution change was achieved within 20 -30 sec.
Potassium transients based on exogenous K ϩ were generated within the tissue by delivering short pulses of high pressure (20 -100 msec, three or four bars) into glass micropipettes (tip diameter, 2-5 m) filled with 150 mM KC l. The stability of the applications remained constant for several hours (much longer than what was required for the experiments) as verified in control recordings of the associated extracellular K ϩ transients using K ϩ -selective microelectrodes. The double-barreled K ϩ -selective and H ϩ -selective microelectrodes with a short column of the liquid membrane solution (60398 or 95293, respectively; Fluka, Buchs, Switzerland) were made from borosilicate glass pipettes (Voipio et al., 1994) .
The data are presented as mean Ϯ SEM or as the range of measured values, where n refers to the number of slices.
RESULTS

Effects of internal fluoride
To examine the role of the target cell GABA A receptors in the generation of the biphasic hIPSP/GDNSP voltage response and the corresponding currents (hIPSC/GDNSC), we made recordings using whole-cell patch pipettes devoid of ATP and glucose and with F Ϫ (Bormann et al., 1987; Akaike et al., 1989) as the prevalent anion (Nelson et al., 1994; Khazipov et al., 1997) . Shortly after the rupture of the membrane, the resting membrane potential of the cell underwent a slight transient positive shift (5-7 mV), thereafter recovering to its initial value. The input resistance increased by 38 Ϯ 13%.
As shown in Figure 1 , 5-15 min after the establishment of the whole-cell configuration, the fIPSP/C and hIPSP/C were identical to what was typically seen under control conditions . However, prolonged perfusion with the F Ϫ /0 ATP solution for 1-2 hr resulted in a block of the single-pulse-evoked fIPSP and in the corresponding current (fIPSC) in all six experiments of this kind (Fig. 1 A) . The small remaining conductance (3-5% of the control) was associated with a slight positive shift in the GABA A reversal potential, which is fully attributable to the current carried by F Ϫ in fluoride-loaded neurons (Akaike et al., 1989) . In light of the aims of the present study, the most significant observation was that the abolishment of the fIPSP/C was tightly paralleled by a block of the HFS-induced hIPSP, as well as the hI PSC (Fig. 1 B) . All the recordings in Figure 1 demonstrate a near-complete abolishment of synaptically mediated GABA A inputs into the target cell after F Ϫ perf usion. In sharp contrast to its blocking action on fI PSP/C and hIPSP/C, internal perf usion with the fluoride solution did not result in any attenuation of the GDNSP/C (Fig. 1 B) . In most cases (four of six), a clear increase in GDNSP amplitude and in the slope of its rising phase was observed, as would be expected if the hIPSP and GDNSP were to show some temporal overlap.
Effects of internal QX-314
In our previous study , we routinely used 50 M QX-314 in the patch pipette filling solution to block spiking. During the course of these experiments we found, quite fortuitously, that a high concentration of QX-314 had a selective blocking action on the GDNSP . To rule out the possibility that irreversible extracellular contamination by this lidocaine derivative during cell approach was the primary reason for its blocking effect on the GDNSP (cf. Connors and Prince, 1982; Hara et al., 1995) , we either prefilled the tip of the patch pipette with the control solution or used a perf used pipette (see Materials and Methods). In all neurons perf used with 5 mM QX-314, spiking, if observed under control condition, was abolished shortly after perfusion, which was followed by a more delayed suppression of the GDNSP. Figure 2 A represents a typical experiment of eight with internal perfusion of 5 mM QX-314. In five of eight cells, a nearcomplete block (Ն95%) of the GDNSP was seen after this kind of internal perfusion, and on average, the peak amplitude of the GDNSP was decreased by 89 Ϯ 5%.
As reported by Perkins and Wong (1995) , internal application of 5 mM QX-314 also resulted in a block of an inward current (I q ) evoked at hyperpolarized potentials. The suppression of I q (Fig.  2, insets) was used as an independent verification of the efficacy of the intracellular perfusion with QX-314, but it should be noted here that I q plays no role in the generation of the GDNSP/C (see below).
In view of the aims of the present work, the most important aspect of the action of 5 mM internal QX-314 was that, despite the abolishment of the GDNSP/C, it did not attenuate the fIPSP/C or the hIPSP/C. In fact, we often observed a slight increase in hIPSP, which indicates that the peak of the hyperpolarizing phase shows a temporal overlap with the mechanisms that generate the GDNSP (see above, Fig. 1 ; Kaila et al., 1997) .
The block of I q by intracellular QX-314 did not play a role in blocking the GDNSP in the target cell, because application of 1 mM Cs ϩ or 50 M UL -FS 49 (Pape, 1996) did not have any inhibitory action of the GDNSP/C amplitude (data not shown). However, the I-V recordings (Fig. 2, insets) showed a significant increase in the steady-state input resistance of the neuron, which agrees with previous findings demonstrating that internal application of lidocaine derivatives such as QX-314 and QX-572 block various kinds of K ϩ channels (Segal, 1988; Nathan et al., 1990 ). However, we found that the membrane chord conductance measured using positive voltage pulses was much less sensitive to intracellular QX-314 than responses to negative voltage steps. This QX-314-induced inhibition of steady-state inward rectification (Perkins and Wong, 1995) is consistent with the observations that intracellular application of the drug had only a slight depolarizing action on resting neurons (ϩ3 Ϯ 0.5 mV; n ϭ 12) but had a strong inhibitory action on membrane depolarization in response to a local injection of K ϩ (see below). The experiments depicted in Figures 1 and 2 A support the conclusion that the GDNSP is not a consequence of GABA A R activation in the target neuron. The involvement of an extracellular K ϩ transient in the generation of this long-lasting depolarization prompted us to examine the effects of internal QX-314 on the voltage responses of the neurons to extracellular microinjections of K ϩ . As shown in Figure 2 B, the depolarizing responses evoked in the presence of iGluR and GABA antagonists by exogenous potassium transients were strongly suppressed after internal application of QX-314. A pronounced inhibition (by 65-77%) of the K ϩ -induced depolarization was seen in all four experiments of this kind.
Effects of bath-applied quinine and quinidine
So far, we have demonstrated that a selective blockade of either the HFS-induced hI PSP or the subsequent GDNSP can be achieved by intraneuronal manipulation with F Ϫ or QX-314. To gain further evidence for the involvement of a [K ϩ ] o transient in the generation of the GDNSP, we examined the actions of bathapplied drugs to see whether we could find a usef ul one capable of blocking the HFS-induced GABAergic [K ϩ ] o transient. We made pilot experiments with some conventional potassium channel antagonists, including TEA ϩ and Ba 2ϩ (Hille, 1992) , but a major problem with these drugs was a large increase in gross excitability, which made them f utile in the present context (data not shown).
In contrast to the agents above, quinine, a K ϩ channel antagonist (Fishman and Spector, 1981; Bokvist et al., 1990a,b; Doi et al., 1995) (also see Seki et al., 1993 ) that has been shown to inhibit the increase in [K ϩ ] o , which takes place in the rat brain in vivo after a short period of hypoxia (Z etterström et al., 1995) , turned out to be a most effective tool in terms of specificity of action. The effects of quinidine, a closely related compound (Fishman and Spector, 1981; Doi et al., 1995) , were also examined in parallel experiments. Figure 3 , A and B, shows simultaneous measurements of pyramidal cell membrane potential and of [K ϩ ] o in stratum pyramidale. In experiments of this kind, the distance between the two recording sites was Յ50 m. We did not perform systematic concentration -effect studies, but quinine was found to have a clear inhibitory action on the [K ϩ ] o transients and neuronal depolarizations at a concentration of 50 M, with a marked block of both responses at 0.2 mM. Within ϳ20 -30 min after the onset of 0.2 mM quinine application, the peak values of both the GDNSP and [K ϩ ] o transient were inhibited (by 75-94 and 65-78%, respectively) with strikingly similar time courses (half-time of inhibition was 10 -12 min; n ϭ 5). We found quinidine to have a similar effect on these responses (n ϭ 4), but it turned out to be about two times more potent than quinine.
The well known capability of quini(di)ne to block certain kinds of K ϩ channels (Fishman and Spector, 1981; Bokvist et al., 1990a,b; Doi et al., 1995) might suggest that the inhibition of the GDNSP is a result of a decrease in the [K ϩ ] o sensitivity of the target neuron, as was the case with intracellular perfusion of QX-314 (see Fig. 2 ). However, in striking contrast to this action of QX-314, quinine (n ϭ 4) and quinidine (n ϭ 4) had no effect on the depolarizing response evoked by exogenous K ϩ (Fig. 3C) . Measurements of fI PSP/C s and hI PSP/C s showed that quinine had no effect on the immediate GABA A responses mediated by the receptor channels of the target neuron (Fig. 4) . The fact that the GABA A reversal potential (Ϫ81 Ϯ 2 mV; n ϭ 4) remained unaffected as measured using fI PSP/C s (Fig. 4 A) indicates that 0.2-0.5 mM quinine did not have a significant inhibitory action on the ability of the pyramidal cell K ϩ -Cl Ϫ cotransporter (Rivera et al., 1999) to maintain a constant resting C l Ϫ equilibrium potential (E C l Ϫ) under the present experimental conditions (Ellory et al., 1982; Adragna and Lauf, 1994) . As was clearly seen in experiments of the kind illustrated in Figure 4 , B and C, quini(di)ne exerted a selective blocking effect on the GDNSC, in agreement with its selective action on the GDNSP and on the [K ϩ ] o transient (see above, Fig. 3 ).
In our previous work , one of the key findings leading to the idea that the HFS-induced GDNSC is largely caused by an activity-induced increase in [K ϩ ] o resulted from experiments in which the temporal characteristics of the GDNSC reversal potential were examined during an HFS-induced response. In that study, measurements of the current sequence hIPSC -GDNSC reversal at successive time points with 100 msec intervals revealed a progressive buildup of pronounced inward rectification (i.e., qualitatively opposite to GABA A R-mediated currents; Kaila, 1994) , with a simultaneous reduction of the HFS-induced conductance increase and a frequent absence of a clear reversal for the late phase of the GDNSC even at potentials more positive than 0 mV. This kind of behavior is depicted in the control values shown in Figure 4D . In striking contrast to this, the GDNSC s measured in the presence of quini(di)ne had a reversal potential consistently more negative than Ϫ50 mV (n ϭ 6) throughout the current response (Fig. 4 D) .
Finally, we addressed the question of whether the selective inhibition of the GDNSP by quini(di)ne could be attributable to a block of the depolarizing HC O 3 Ϫ component of GABA A receptor-mediated currents involved in GDNSP/C generation Lamsa and Kaila, 1997) , which can be monitored in measurements of extracellular pH (pH o ) transients . An inhibition of the bicarbonate current might result from a number of reasons, including a drug-induced collapse in the poststsynaptic pH-HC O 3 Ϫ gradient. As shown in Figure 5A , quinine and quinidine suppressed the GABA A Rmediated alkaline pH o shifts (Kaila et al., 1989 (Kaila et al., , 1992 associated with the GDNSPs only by 25 Ϯ 8% (n ϭ 4) and 27 Ϯ 9% (n ϭ 4), respectively. This inhibition most likely reflects the decrease in network excitability after the drug-induced block of the [K ϩ ] o transient (Avoli et al., 1996; Lamsa and Kaila, 1997) . Nevertheless, increasing the stimulation intensity to reestablish the peak amplitude of the alkalosis did not lead to a parallel recovery of the GDNSP (Fig. 5A) . That there was no quini(di)ne-induced change in the ionic basis of the alkaline transient was confirmed in experiments with benzolamide (an inhibitor of extracellular Figure 4 . Bath-applied quinine blocks GDNSC but leaves the fIPSC and hI PSC intact. The cell was held using whole-cell clamp at its resting membrane potential (Ϫ55 mV). A, fI PSC s recorded at Ϫ55 mV in the absence and presence of 0.5 mM quinine. B, Sample recordings (a, b) of hI PSC s and GDNSC s (at Ϫ55 and Ϫ75 mV). C, Peak amplitudes (⌬I m ) of the GDNSC ( filled circles) and hI PSC (open circles) as a function of time after exposure to quinine (0.5 mM; the onset of the application is at 0 min). D, Temporal behavior of the hI PSC -GDNSC reversal potential (V r , circles) and associated increase in conductance (⌬G m , triangles) as examined during an HFS-induced response in the absence ( filled symbols) and presence of quinine (open symbols). Time point 0 represents the onset of HFS. carbonic anhydrase; Kaila et al., 1989 Kaila et al., , 1992 Chen and Chesler, 1992; Voipio et al., 1995) in which the alkaloses were fully blocked (Fig. 5B) , indicating that they were caused by a GABA A receptor-mediated C O 2 -HC O 3 Ϫ shuttle.
DISCUSSION
In the present study, the various approaches for pharmacological dissection of the hI PSP and GDNSP using internal F Ϫ /0 ATP, internal QX-314 (5 mM), and bath-applied quini(di)ne are in good agreement with our previous conclusion ) that the biphasic voltage response mediated by GABA A receptors in pyramidal neurons during high-frequency stimulation is caused by a dual mechanism: a direct GABA A -mediated transient hyperpolarization (hI PSP), which fades rapidly (cf. Thompson and Gähwiler, 1989; Davies et al., 1990) , is followed by a slow depolarization evoked by an activity-induced increase in [K ϩ ] o . In particular, the experiments described here and previously clearly demonstrate that a bicarbonate-dependent accumulation of C l Ϫ in the target neuron (Staley et al., 1995) , an ionic redistribution mechanism originally examined in crayfish preparations (Kaila and Voipio, 1987; Kaila et al., 1989; Voipio et al., 1991) , is not responsible for the generation of the HFSinduced long-lasting GDNSP. The data obtained in the presence of quini(di)ne (Fig. 4 D) indicated that the anionic redistribution that takes place in the target cell in the absence of an extracellular K ϩ transient does not induce a shift in the reversal potential of the HFS-induced GABA A R-mediated current to values more positive than Ϫ50 mV.
In line with our dual-mechanism scheme, blocking the GABA A receptors of the target cell from within using F Ϫ and depletion of ATP (Bormann et al., 1987; Akaike et al., 1989; Nelson et al., 1994; Khazipov et al., 1997) resulted in a selective block of fIPSP/C and of the hIPSP/C, leaving the GDNSP/C unaffected. On the other hand, internal application of 5 mM QX-314 had the opposite effect, preserving the fIPSP/C and hIPSP/C but inhibiting the GDNSP/C.
An important finding made presently was that internal QX-314 strongly suppressed the sensitivity of the target neuron to the depolarizing action of exogenous K ϩ . It is relevant to note here that intracellular application of QX-314 blocks various kinds of potassium-permeable channels, including voltage-insensitive (Bräu et al., 1995) (also see Segal, 1988) , Ca 2ϩ -activated (Oda et al., 1992) , as well as hyperpolarization-activated cation channels, which mediate the I q (Perkins and Wong, 1995) . Nevertheless, I q seems not to be involved in the generation of the GDNSP, because it was not affected by bath-applied Cs ϩ (1 mM) or UL-FS 49 (Perkins and Wong, 1995; Pape, 1996) , both of which abolished I q in the present experiments.
The blocking action of QX-314 on the GDNSP may account for the discrepancy between our results concerning the generation of the GDNSP and those on inward GABA Amediated currents obtained by Perkins and Wong (1996) in the presence of 4-aminopyridine, because the latter study was carried out using whole-cell electrodes with 10 mM QX-314 in their filling solution. In particular, the rather negative reversal potential and brief time to peak of the GABA-mediated depolarization measured by Perkins and Wong (1996) are consistent with a QXinduced block of the late [K ϩ ] o -mediated component in their generation (cf. Lamsa and Kaila, 1997) .
Application of extracellular quini(di)ne mimicked the effect of QX-314 in that it selectively blocked the GDNSP. A major finding in the present study was that the block of the GDNSP/C by quini(di)ne was faithfully paralleled by an inhibition of the activity-induced [K ϩ ] o transient. Quin(di)ine is known to have distinct concentration-dependent actions on hippocampal neurons (Yoshida et al., 1986) . However, at the concentrations and exposure durations (Յ30 min) relevant for this study we did not detect any "nonspecific" actions that might have affected the present conclusions.
The possibility that quini(di)ne inhibits K ϩ channels, which are involved in the generation of the GDNSP in the target cell, was clearly eliminated by the observation that, unlike internal QX-314, quini(di)ne had no blocking effect on depolarizations evoked by exogenous K ϩ . Taken together with the observations made with QX-314, the actions of quini(di)ne are fully consistent with the idea that the activity-induced [K ϩ ] o transient is the immediate cause of the GDNSP/C.
When applied at relatively high concentrations, quini(di)ne is known to have an inhibitory action on Cl Ϫ extrusion by K ϩ -Cl Ϫ cotransport (Ellory et al., 1982; Adragna and Lauf, 1994) . However, it is hard to see how an effect of this kind would lead to a selective suppression of the GDNSP, especially because in the present work quini(di)ne had no effect on the reversal potential of single pulse-mediated fIPSPs. A further important finding was that quini(di)ne had no significant effect on the HFS-induced GABA A R-mediated net efflux of bicarbonate (Kaila et al., 1993) as measured on the basis of the benzolamide-sensitive alkaline pH o transient associated with the GDNSP Kaila and Chesler, 1998) . The present work demonstrates that it is possible to use pharmacological agents to dissect the HFS-evoked GABAergic biphasic response of pyramidal neurons into its two underlying components, the direct GABA A receptor-mediated hI PSP and the nonsynaptically generated, slow depolarizing GDNSP. Although [K ϩ ] o -mediated responses that are phenomenologically similar to conventional postsynaptic potentials have been demonstrated in invertebrate preparations (Yarom et al., 1982) , the present work is, to the best of our knowledge, the first one to directly demonstrate stimulation-induced fast neuron-to-neuron signaling mediated by potassium in mammalian brain tissue.
We think that it is now timely and significant to make a change in the previously used abbreviation GDPSP (which would imply a postsynaptic potential only) to GDNSP, thereby underscoring the nonsynaptic chain of events triggered during HFS. This is because the HFS-induced bicarbonate-dependent increase in [K ϩ ] o does not affect only those neurons that are postsynaptic with regard to the stimulated ones, but the K ϩ transient will have a depolarizing influence on all nearby neurons, glial cells, as well as presynaptic terminals (for the spatial properties of the HFSinduced potassium transient, see Kaila et al., 1997, their Fig. 9) .
A point worth noting here is that the time courses of the extracellular K ϩ transients and GDNSPs often show a temporal deviation during the repolarization of the neuron, which is substantially faster than the potassium transient ( Fig. 3A ; also see Kaila et al., 1997) . This deviation can be explained on the basis that first, the resting membrane potential is not identical to the K ϩ equilibrium potential and shows a non-Nernstian dependence on [K ϩ ] o (Jensen et al., 1993) and second, various intrinsic conductances (Fricker et al., 1999) are modified during the GDNSP. An intriguing possibility here is that the potassiumactivated voltage-sensitive K ϩ conductance demonstrated by Filippov and Krishtal (1999) participates in the generation of the GDNSP.
The main findings and conclusions of this work are summarized in the scheme depicted in Figure 6 . In agreement with our previous conclusions , the bicarbonatedependent, quini(di)ne-sensitive increase in [K ϩ ] o exerts its main contribution to GDNSP generation via a direct depolarizing action mediated by K ϩ -selective channels that are open at and around the resting voltage level and are sensitive to high concentrations of internal QX-314.
It has been suggested that activity-induced [K ϩ ] o shifts play an important role in long-term potentiation (LTP) in the hippocampus (Collingridge, 1992) . Hence, an interesting question that emerges here is the role of HFS-induced GABAergic [K ϩ ] o shifts and their nonsynaptic actions in LTP and in other manifestations of neuronal plasticity, including pathophysiological phenomena (Heinemann et al., 1990; Jefferys, 1995; also see Lopantsev and Avoli, 1998) , as well as in the generation of tetanus-induced neuronal oscillations (e.g., Whittington et al., 1997; Bracci et al., 1999; Traub et al., 1999) . Another phenomenon to be thoroughly examined in future work is the mechanism of the biphasic voltage response evoked by exogenous GABA A R agonists (Barker and Ransom, 1978; Alger and Nicoll, 1982) , because we have recently obtained evidence ) that despite a gross similarity (cf. Grover et al., 1993; Staley et al., 1995) its depolarizing phase is not generated in a manner identical to the GDNSP.
